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Cyclic AMP-calcium interaction in the transmission of tubuloglomer-
ular feedback signals. Recent studies have suggested that cytosolic
calcium serves in the transmission of signals between distal tubular fluid
and glomerular vascular elements. Since cAMP can modify calcium-
mediated events, it was of interest to determine if agents that elevate
intracellular cAMP could influence feedback responses and to assess
the interaction of cAMP and intracellular calcium in the transmission of
feedback signals. Stop flow pressure (SFP) was measured in the rat
during retrograde microperfusion into the distal tubule at 15 nhlmin. SFP
averaged 37.5 0.5 mm Hg and decreased by 12.8 0.8 mm Hg (N
44) during perfusion with an isotonic Ringer's solution. Addition of
34sobutyl-1-methylxanthine (IBMX), a phosphodiesterase inhibitor,
decreased the magnitude of SFP feedback responses; 89 4.5% (N =
16) inhibition was observed at an IBMX concentration of 500 M. In
addition, SFP decreased by only 3 1 mm Hg (N = 8) during perfusion
with 10 mr's dibutyryl cAMP in the presence of a low concentration of
IBMX and by 1.6 0.7 mm Hg (N = 12) during perfusion with
forskolin, an agent that stimulates adenylate cyclase activity. Calcium
ionophore (A23 187) significantly increased the magnitude of SFP feed-
back responses obtained with IBMX alone from 5 1.0 mm Hg (N
9; 250 m IBMX) to 10 1.2 mm Hg (N = 11). These results indicate
that agents which elevate intracellular cAMP markedly attenuate
tubuloglomerular feedback responses and that calcium ionophore can
reverse the inhibitory effects of increased cAMP.
Interaction AMP cydique-calcium dans Ia transmission des signaux du
rétrocontrôle tubuloglomérulaire. Des etudes rCcentes ont suggéré que
le calcium cytosolique sert pour la transmission de signaux entre le
liquide tubulaire distal et les dldments vasculaires glomérulaires.
Puisque le cAMP peut modifier les événements mediCs par Ic calcium,
ii Ctait intdressant de determiner si les agents qui augmentent le cAMP
intracellulaire pourraient influencer les réponses de rétrocontrôle, et de
prCciser l'interaction cAMP et du calcium intracellulaire dans la trans-
mission des signaux du rétrocontróle. La pression de stop-flow (SFP) a
&e mesuree chez le rat pendant une microperfusion retrograde dans le
tubule distal a is nllmin. SFP dtait en moyenne de 37,5 0,5 mmHg, et
diminuCe de 12,8 0,8 mmHg (n 44) pendant une perfusion avec du
solute isotonique de Ringer. L'adjonction de 3-isobutyl-1-mCthylxan-
thine (IBMX), un inhibiteur de Ia phosphodiesterase, a diminué Ia
magnitude des rCponses du rCtrocontrôle de SFP; une inhibition de 89
4,5% (n = 16) a etC observCe pour une concentration d'IBMX de 500
M. En outre, SFP a diminuC de seulement 3 I mmHg (n = 8)
pendant une perfusion avec 10 mM de dibutyryl cAMP en presence
d'une faible, concentration d'IBMX et de 1,6 0,7 mmHg (n = 12)
pendant une perfusion avec de Ia forskoline, un agent qui stimule
l'activitC de l'adCnylate cyclase. Un ionophore calcique (A23187) a
significativement augmentC l'amplitude du rCtrocontrôle de SFP obtenu
avec l'IBMX seul de 5 1,0 mmHg (n 9; 250 tm IBMX) a10 1,2
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mmHg (n = 11). Ces rCsultats indiquent que les agents qui augmentent
Ic cAMP intracellulaire attCnuent de facon marquee les rCponses du
rCtrocontrôle tubuloglomCrulaire et que l'ionophore calcique peut
inverser les effets inhibiteurs de l'augmentation du cAMP.
In previous work we have proposed that a cytosolic calcium
system, presumably located in the cells of the macula densa,
participates in the transmission of signals between distal tubular
fluid and glomerular vascular elements [1—4]. According to this
scheme, as distal tubular fluid concentration increases from
normally hypo-osmotic values toward iso-osmolality, there is
mobilization of calcium from intracellular storage sites. This
increase in cytosolic calcium concentration serves in the trans-
mission of signals to the glomerular vascular elements, which
ultimately results in vasoconstriction and decreases in glomer-
ular capillary pressure and filtration rate.
In cytosolic calcium-mediated systems, it is generally ac-
knowledged that there is a close interrelationship between
cytosolic calcium and other intracellular messenger systems [5].
In particular, a number of studies have indicated that intracel-
lular cAMP can influence cytosolic calcium-mediated events.
Depending upon the specific tissue under investigation, eleva-
tions in intracellular cAMP have been shown to either enhance
or to inhibit the effects of increases in cytosolic calcium [5—81.
With regard to the transmission of tubuloglomerular feedback
signals, Schnermann and Osswald [9] have demonstrated that
theophylline and 3-isobutyl-1-methylxanthine (IBMX), agents
that can inhibit phosphodiesterase activity and thereby elevate
cAMP levels, are potent inhibitors of tubuloglomerular feed-
back responses. These agents, however, are not entirely spe-
cific, and it was not clear from these earlier studies that the
inhibition of feedback responses observed with intratubular
administration of methylxanthines was the consequence of
increased intracellular cAMP concentration per se. The pur-
pose of the present studies was to establish if elevations in
intracellular cAMP inhibit tubuloglomerular feedback re-
sponses and to assess the possibility of an interaction between
cAMP and intracellular calcium in the transmission of feedback
signals.
For these studies, three agents were used that have been
shown to elevate intracellular cAMP concentration through
different mechanisms. The first agent was IBMX, which retards
the action of phosphodiesterase to break down internally
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formed cAMP [10]. The second agent was dibutyryl cAMP, and
the third agent was forskolin, a compound which rapidly and
reversibly increases intracellular cAMP concentration through
stimulation of adenylate cyclase activity [11]. Finally, a possi-
ble interaction between cAMP and intracellular calcium in the
transmission of feedback signals was tested by evaluating the
effects of calcium ionophore (A23 187) during simultaneous
administration of IBMX.
Methods
Micropuncture experiments were performed on 29 male
Sprague-Dawley rats weighing between 210 and 280 g. The rats
were anesthetized with sodium pentobarbital (50 mg/kg body
wt) and body temperature maintained at 38°C by way of a
servo-controlled heated table. A tracheotomy was performed
and catheters placed into the external jugular vein for infusion
of an isotonic sodium chloride solution (1.2 mllhr) and for the
administration of additional anesthetic as needed. The left
femoral artery was catheterized and arterial blood pressure was
measured continuously with a pressure transducer (Statham
Laboratory, Inc., Hato Rey, Puerto Rico) and recorded on a
polygraph (Grass Instruments, Quincy, Massachusetts, USA).
Experiments were performed only if blood pressure remained
over 100 mm Hg. The left kidney was exposed through a
transverse incision, freed of adhering tissue and placed in a
Lucite® cup. Warm agar was dripped around the kidney to
form a saline well. The ureter was catheterized with polyethyl-
ene tubing to ensure unrestricted urine flow.
The retrograde microperfusion procedure used in all experi-
ments has been described in detail previously [12]. In brief, a
pipette containing bone wax was inserted into a middle convo-
lution of a proximal tubular segment and a small cast of wax, 4
or 5 tubule diameters in length, was injected into the tubule
using a microdrive unit (Trent Wells, South Gate, California,
USA) [13]. In addition, a small cast of wax was injected into the
last surface distal tubule convolution of the same nephron.
Next, a micropipette connected to a servo-null micropressure
system was inserted into an early proximal tubule segment, and
stop flow pressure (SFP) was measured continuously. Once a
stable value for SFP was obtained, a pipette connected to a
perfusion pump system (Walter Klotz, Munich, West Germany)
was inserted into the earliest surface distal tubular segment and
perfusion initiated at 15 nllmin. The perfusate that emerged into
the late proximal tubule was collected through a pipette placed
in the late proximal tubule to assure continuous perfusion. In
initial studies, it was determined that the inhibition of SFP
feedback responses obtained with IBMX, D-cAMP, and
forskolin was rapid in onset, and SFP values were generally
stable alter 1'/2 to 2 mm of perfusion. Therefore, steady-state
SFP feedback responses were obtained after 2 to 2','2 mm of
continuous perfusion. Perfusion was terminated by removal of
the perfusion pipette from the distal tubule.
The isotonic Ringer's perfusion solution contained: Nat, 145
mEq/liter; C1, 135 mEq/liter; K, 5 mEq/Iiter; Ca2, 1
mEq/liter; Mg2, 2 mEq/liter; S042_, 2 mEq/liter; HC03, 10
mEq/liter; HP04, 2 mEq/liter; and urea, 250 mg/liter. The
osmolality was 290 mOsmlkg. To assess the effectiveness of the
calcium ionophore, sufficient sodium chloride was deleted from
the Ringer's solution to achieve an osmolality of 40 mOsm/kg.
Previous studies [2] have indicated that retrograde perfusion
IBMX, (LM)
Fig. 1. Percentage inhibition of stop flow pressure feedback responses
at different concentrations of IBMX. For this analysis, percentage
inhibition of SFP feedback responses with IBMX was calculated for
each tubule studied based on comparison with the average control
decrease in SFP (12.8 0.8mm Hg) obtained with the isotonic Ringer's
solution (N = 44). For comparison, the average responses obtained
with the control solution and the 50 jsM IBMX and 250 M IBMX are
also included in Figures 2 through 4.
with this solution alone results in only a 1 to 2 mm Hg decrease
in SFP. Dibutyryl cyclic AMP and 3-isobutyl-1-methylxanthine
(IBMX) were obtained from Sigma Chemical Company (St.
Louis, Missouri, USA), while calcium ionophore (A23 187) and
forskolin were from Calbiochem-Behring (La Jolla, California,
USA). All solutions were prepared immediately before each
experiment. Calcium ionophore was dissolved in dimethyl
sulfoxide (DMSO). Previous studies have demonstrated that
DMSO does not alter tubuloglomerular feedback responses [31.
In addition, DMSO did not alter the inhibition of feedback
responses obtained with IBMX and forskolin. The data were
analyzed using the t test for unpaired observations and are
presented as means the standard error of the means (SE).
Results
Figure 1 illustrates the results obtained during retrograde
microperfusion with isotonic Ringer's solution containing 50,
250, and 500 LM 3-isobutyl-1-methylxanthine (IBMX). For this
analysis, the magnitude of SFP feedback responses during
IBMX perfusion was expressed as percentage inhibition com-
pared to the average decrease in SFP obtained with the control
solution. Perfusion with the control isotonic Ringer's solution
decreased SFP from an average of 37 0.5 mm Hg to 25 0.8
mm Hg. Upon termination of perfusion, SFP returned to 37
0.5 mm Hg. Addition of IBMX to the isotonic Ringer's solution
resulted in a dose-dependent decrease in the magnitude of SFP
feedback responses, and, at the highest concentration of IBMX
(500 jsM), SFP decreased only from 38 1.09 mm Hg to 37
1.2 mm Hg. Thus, IBMX was found to be a potent inhibitor of
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Fig. 2. Change in stop flow pressure obtained during retrograde
perfusion with the control isotonic Ringer's solution, the Ringer's
solution containing 50 /SM IBMX (N = 10), and the Ringer's solution
containing 50 LM IBMX plus 10 mi D-cAMP (N = 8). The change in
SFP was calculated as the difference between SFP obtained before
microperfusion and SFP after 2 to 2½ mm of continuous
microperfusion.
tubuloglomerular feedback responses when perfused into the
distal tubule.
The effects of perfusion with D-cAMP on tubuloglomerular
feedback responses are shown in Figure 2. To retard the
breakdown of intracellular cAMP by phosphodiesterase, 50 M
IBMX was added to the isotonic Ringer's solution containing
D-cAMP. Perfusion with 50 jM IBMX alone decreased SFP
from 38 1.6 mm Hg to 30 2.1 mm Hg. Retrograde
microperfusion with 10 ma'i D-cAMP in the presence of 50 M
IBMX resulted in a further significant attenuation of the de-
crease in SFP (38 0.6 mm Hg to 35 1.2 mm Hg). In tubules
perfused with either IBMX or IBMX plus D-cAMP, termination
of perfusion resulted in a return of SFP to values that were not
significantly different from those obtained before the perfusion
procedure.
To evaluate further the effects of increased intracellular
cAMP on tubuloglomerular feedback-mediated decreases in
SFP, tubules were perfused with forskolin, an agent that
stimulates adenylate cyclase activity. An example of SFP
feedback responses obtained during perfusion with forskolin is
shown at the top of Figure 3; data from all tubules are given at
the bottom of Figure 3. In response to the initiation of perfusion
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Fig. 3. Example of feedback responses obtained using the control
isotonic Ringer's solution and the Ringer's solution containing
forskolin (upper panel). Forskolin induced an initial transient decrease
in SFP followed by the return of SFP to preinlusion values. The lower
panel shows individual steady-state SFP feedback responses obtained
with forskolin (•). Forcomparison, the average decrease in SFP found
with the control solution is shown by O----O,
with forskolin, there was a transient decrease in SEP followed
by a rapid return of SFP toward preinfusion values. SFP
reached stable values within 1 V2 to 2 mm. In contrast, with the
isotonic Ringer's solution alone, the magnitude of the SFP
feedback response remained unchanged until perfusion was
terminated. In 12 tubules perfused with forskolin, SFP de-
creased from 37 1.0 mm Hg to 35 1.1 mm Hg when
evaluated after 2 to 2½ mm of perfusion. Upon termination of
perfusion, SFP increased slightly to 37 1.3 mm Hg.
To assess the effects of increases in cytosolic calcium on the
inhibition of tubuloglomerular feedback responses by IBMX,
calcium ionophore (A23 187) at a concentration of 5 tm was
added to the isotonic Ringer's solution containing IBMX (250
MM). As shown in Figure 4, perfusion with IBMX alone resulted
in decreases in SFP from 36 0.8mm Hg to 30.4 0.8 mm Hg.
SFP returned to 35 0.7 mm Hg upon cessation of perfusion.
In contrast, with the addition of A23187 in the presence of 250
M IBMX, the magnitude of the feedback response was signif-
icantly enhanced. On the average, SFP decreased from 38 1.3
mm Hg to 26.6 1.5 mm Hg and returned to 36 1.7 mm Hg
upon termination of perfusion. In comparison, perfusion with
the ionophore alone in a 40 mOsmlkg solution resulted in
decreases in SFP of 12.6 1.2 mm Hg (N 9). This change in
SFP was not statistically different from the responses obtained
with the combination of IBMX and A23187. Similar results
were obtained with the addition of calcium ionophore to the
Ringer's solution containing forskolin. During perfusion with
forskolin alone, SFP decreased by only 1.6 0.7 mm Hg (Fig.
3), but with the addition of 5 p.m A23187 to the perfusate
containing 100 p.m forskolin, SFP decreased from 39 0.9 mm
Hg to 30 1.2 mm Hg and returned to 36 1.2 mm Hg upon
cessation of perfusion. The average decrease in SFP of 8.4
0.9 mm Hg (N = 5) in the presence of A23 187 was significantly
greater than the small decrease in SFP obtained with forskolin
alone.
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Discussion
In the present study, we examined tubuloglomerular feed-
back responses during retrograde microperfusion with agents
that have been reported to increase intracellular cAMP levels.
Although a transient decrease in SFP upon initiation of perfu-
sion was observed in some tubules, these agents were effective
in blocking most, if not all, of the steady-state feedback-
mediated decreases in SFP. In addition, the attenuation of
feedback responses with IBMX and forskolin appeared to be
influenced by cytosolic calcium concentration since the calcium
ionophore A23187 was effective in reversing the inhibition
obtained with these agents.
In previous studies, Schnermann and Osswald [9]
microperfused tubules with methyixanthine-containing Ringer's
solution and assessed feedback-mediated changes in stop flow
pressure and early proximal flow rate (an index of single
nephron glomerular filtration rate). They found that theophyl-
line and IBMX were potent inhibitors of SFP and early proxi-
mal flow rate feedback responses when tubules were perfused
orthograde from a late proximal tubule or retrograde from an
early distal tubular site. Their observation of the inhibition of
feedback responses at several different concentrations of IBMX
agrees closely with the results obtained in the present study.
Although these findings are all consistent with a role for cAMP
in the attenuation of feedback signal transmission, it has been
suggested that methyixanthines have actions in addition to the
inhibition of phosphodiesterase activity [141. Therefore, in the
present studies, additional agents were utilized to increase
intracellular cAMP levels through different mechanisms.
To evaluate directly the influence of intracellular cAMP con-
centration on the tubuloglomerular feedback response, dibutyryl
cAMP was introduced to the system using retrograde microperfu-
sion techniques. In a previous study [9], orthograde perfusion into
the late proximal tubule with 10 mi D-cAMP had little effect on
the magnitude of feedback responses. In the present studies,
however, D-cAMP markedly inhibited SFP feedback responses
obtained with an isotonic Ringer's solution. The difference be-
tween these results may be due to the fact that perfusion was from
an early distal tubule site in our studies. This maneuver substan-
tially decreases the distance from perfusion site to the macula
densa and, presumbly, reduces the amount of D-cAMP that would
diffuse out of the tubular lumen before reaching the macula densa.
In addition, a low concentration of IBMX was added to the
dibutyryl cAMP-containing perfusate. The increase in intracellular
cAMP concentration which results from administration of D-
cAMP is dependent upon the concentration of D-cAMP, the
permeability of the plasma membrane to D-cAMP, and the rate of
cAMP degradation. To facilitate the influence of D-cAMP on
intracellular cAMP levels, IBMX was added to the perfusate to
decrease the rate of intracellular D-cAMP breakdown by
phosphodiesterase [10] and to allow the D-cAMP which enters the
cell interior to accumulate as cAMP. Accordingly, the present
studies demonstrate that administration of the dibutyryl form of
cAMP to the tubular fluid can inhibit the transmission of
vasoconstrictor feedback signals.
Forskolin, an agent which stimulates adenylate cyclase ac-
tivity through an interaction with the catalytic subunit of
adenylate cyclase [11], was used to increase intracellular cAMP
concentration in a separate series of experiments. The addition
of forskolin to an isotonic Ringer's solution resulted in a marked
inhibition of SFP feedback responses. These results suggest the
intriguing possibility that an adenylate cyclase-activated cAMP
system exists, and that this mechanism can influence the
transmission of feedback signals.
Based on studies from a number of cellular systems, the
concept has developed that cAMP can modulate or influence
cytosolic calcium-dependent responses [5]. In previous studies
from our laboratory, we have speculated that a cytosolic
calcium system may operate in the macula densa cells, serving
as an intermediate step in the transmission of tubuloglomerular
feedback signals [1—4]. To determine if elevations in intracellu-
lar cAMP attenuate feedback responses through an interaction
with the cytosolic calcium system, we assessed the effects of
calcium ionophore, which increases cytosolic calcium concen-
tration, on the inhibition of feedback responses obtained from
IBMX or forskoljn. It was found that addition of the calcium
ionophore restored feedback responses to near control levels in
the presence of either IBMX or forskolin. One explanation for
these results is that increased intracellular cAMP levels pre-
vented the mobilization of intracellular calcium which would
normally occur in response to luminal exposure to an isotonic
tubular fluid. However, studies in platelets [6, 8, 151 have shown
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Fig. 4. Changes in SFP obtained using the control isotonic Ringer's
solution, the Ringer's solution containing 250 M JBMX, and the
Ringer's solution containing both 250 sMIBMX and 5 /.LMA23187 (N =
11).
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that elevated intracellular cAMP levels directly lower cytosolic
calcium concentration by stimulating calcium transport across the
plasma membrane or calcium uptake into calcium-sequestering
organelles such as the endoplasmic reticulum. It is likely, there-
fore, that increases in cAMP impair tubuloglomerular feedback
responses by stimulation of calcium transport.
The drugs and agents used in the present studies were
administered directly into the distal tubule in an effort to
influence macula densa function; however, an additional action
on vascular smooth muscle or other elements within the
glomerulus cannot be completely excluded. More direct proce-
dures [16] are needed to assess the effects of these agents on the
cells of the macula densa and to directly determine if increased
cAMP can lower macula densa cystosolic calcium concentra-
tion. Also, it should be mentioned that studies by Osswald and
coworkers [17] have suggested that adenosine may serve in the
transmission of feedback signals. The results of the present
studies do not specifically address this issue; it is a possibility
that both adenosine and cAMP are involved, in some manner,
in the transmission of feedback signals.
In summary, these observations indicate that cAMP can pro-
foundly influence the tubuloglomerular feedback response. It is
interesting to speculate that cAMP may not serve as a direct step
in the transmission of feedback signals, but rather as a modifier of
feedback responsiveness. A number of conditions [18—20] have
been identified in which feedback responsiveness is attenuated.
Persson et a! [20] have suggested that interstitial hydrostatic and
oncotic pressures may serve to regulate feedback sensitivity. We
suggest that an adenylate cyclase-cAMP system may also operate
to control feedback responsiveness. In this scheme, activation of
adenylate cyclase would increase intracellular cAMP levels, and
thereby prevent or attenuate the increases in cytosolic calcium
concentration occurring in response to increases in distal tubular
fluid composition. Thus, the transmission of vasoconstrictor feed-
back signals would be attenuated, and, in this manner, an adenyl-
ate cyclase activated-cAMP system could serve to help control the
level of feedback sensitivity.
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